The geomagnetic storm beginning on March 31, 2001 was characterized by high solar wind speeds and long intervals of strongly-southward interplanetary magnetic field. These conditions led to high levels of magnetospheric convection and significant distortion in the inner magnetosphere. During a period of particularly intense driving by the solar wind, an ∼0630 UT substorm onset was observed to inject energetic particles into relatively low L-values in the premidnight regions of the inner magnetosphere. In this work we present the results of MHD/particle simulations of the storm, focusing on the period immediately surrounding the 0630 substorm. We analyze the characteristics of the global field prior to onset, and the evolution and effect of the subsequent dipolarization on the keV protons injected from the plasma sheet into the inner magnetosphere. We find good qualitative agreement between global observations of the injection event and the results of the MHD/particle simulations, and suggest that a weak field region in the near-Earth tail may have served as a source region for the more energetic particles injected in the premidnight regions of the magnetosphere.
Introduction
Transient processes affecting the field configuration in the near-Earth tail can have a direct effect on the energetic particle population in the plasma sheet and inner magnetosphere. In particular, magnetospheric substorms can inject energetic ions and electrons inside geosynchronous orbit [Reeves and Henderson, 2001 ], into the trapped particle region, energizing particles participating in the injection process. Such particles can potentially enhance the ring current, increasing the storm-time magnetic disturbance at the surface of the Earth [McPherron, 1997] , and may be a contributing source of energetic electrons populating the outer zone radiation belts [Kim et al., 2000; Ingraham et al., 2001] . Energization of magnetospheric particles during a substorm may occur through some combination of betatron and Fermi acceleration processes [Williams et al., 1990] .
Observations of magnetospheric fields and particles during substorm events has provided much insight into the phenomenology of substorm particle injections [Baker et al., 1996] . However, our understanding of substorms' affect on global particle dynamics may be furthered through direct simulation of the particle trajectories moving under the influence of representative electric and magnetic fields. For example, Li et al. [1998b] used analytic field models to examine the dispersionless injection of electrons into geosynchronous altitudes during a substorm dipolarization, and found that the bulk of the energization could be explained in terms of betatron acceleration as the particles were moved by the impulse into regions of stronger magnetic field strength. In that study, the idealized field model consisted of a gaussian electric pulse propagating through a dipole magnetic field, with a corresponding magnetic disturbance satisfying Faraday's law. Birn et al. [1997b] and Kim et al. [2000] similarly examined the detailed dynamics of plasma sheet ions and electrons moving under the influence of an idealized substorm onset, using a physically-based magnetohydrodynamic (MHD) simulation of the near-Earth tail.
Many aspects of substorm particle injections may be considered in the same terms as other types of impulsive injection events, e.g. particles injected during a storm sudden commencement (SSC) [Li et al., 1998a] . The dynamical characteristics of the injection front is an important contributing factor in determining the extent to which a given particle population is affected by the substorm. Relevant characteristics include the amplitude of the induced electric fields seen by the particles, as well as the azimuthal and radial extent and propagation velocities of the injection front. For example, Elkington et al. [2002] used an analysis of an injection of particles during the March 24, 1991 sudden commencement to show that coherent, impulsive injections were drift resonant in nature, i.e. those particles that saw the greatest energization were those with drift velocities that allowed them to stay "in sync" with the injection front as it propagated radially inward and spread azimuthally about the Earth. Sarris et al. [2002] undertook a parametric study of substorm injections using an analytic field model. That work suggested that observations of dispersionless particle injections were best explained in terms of an impulsive injection model that begins as a high-speed, Earthward-directed event in the magnetotail, slowing to under 100 km/s as the disturbance propagates into the inner magnetosphere.
The March 31, 2001 geomagnetic storm was characterized by significant dynamic pressures in the solar wind and notable levels of magnetospheric distortion, with the D ST index dropping below -380 nT and the magnetopause, and perhaps even the bow shock, driven at times inside geosynchronous orbit [Baker et al., 2002] . Intervals of southward interplanetary magnetic field as low as -50 nT led to intense magnetospheric convection, and significant activity in the magnetotail and premidnight/duskward regions of the magnetosphere [Skoug et al., 2003] . In particular, an intense, isolated substorm was observed at 0630 UT on March 31. Multisatellite observations of the injection process gave an unprecedented view of the characteristics of this substorm. Notably, the bulk of the substorm injection was centered on the premidnight sector of the magnetosphere, with the injection front approaching as close as 4 R E and dispersionless particle signatures seen at geosynchronous as far into the dusk sector as 20 LT [Baker et al., 2002] . Global images of energetic neutral atoms (ENA) injected during the event are indicated in Figure 1 , where protons with energies above 27 keV are seen to be enhanced primarily in the postdusk, premidnight sector of the magnetosphere.
In this work we analyze the global field configuration as given by MHD simulations of the magnetosphere during the growth and onset of the 0630 magnetospheric substorm. We examine properties of the injection region, including the speed and evolution of the injection front during the substorm onset and particle injection. Test particle simulations are conducted within the MHD fields, and show consistency with global observations of the newly injected particles. [Baker et al., 2002] . Shown are >27 keV neutral atom fluxes (a) prior to, (b) during, and (c) following the substorm onset.
Injection Front Analysis
Magnetohydrodynamic simulations of the the March 31, 2001 geomagnetic storm were undertaken using the Lyon-Fedder-Mobarry MHD code [Lyon et al., 1998; Fedder and Lyon, 1995] . The LFM consists of a coupled ionosphere magnetosphere model, solving the MHD equations on a 3D grid subject to upstream solar wind conditions. The LFM includes in a self-consistent fashion (within the limits of the MHD approximation, see [Sturrock, 1994] ) physical effects relevant to the study of substorm initiation and propagation, including reconnection, convection, and variable wave propagation speeds. The driving solar wind conditions were taken in this case from measurements conducted by the ACE solar wind monitor, lying at the L 1 point approximately ∼ 240 R E upstream of the Earth, and ballistically propagated to the forward boundary of the simulation domain. The time period simulated encompasses the storm sudden commencement (SSC) occurring late on March 30, 2001, through the storm main phase and into the recovery phase on April 2. Further details of this particular simulation, including the MHD signatures of the 0630 dipolarization, are described in Wiltberger et al. [2004] (this volume).
Results from the MHD simulation are indicated for the solar-magnetic equatorial plane in Figure 2 , for the period (a) prior to and (b) during the substorm onset. Dashed circles concentric about the origin indicate radial distance in the equatorial plane at increments of 3, 5, 7,... R E . Contours indicate magnetic field strength, arrows indicate the direction and magnitude of plasma flow, and the color scale gives the plasma density in the equatorial plane. To the right of the equatorial figures are the solar wind conditions driving the simulation (from top: B z (nT), B y (nT), v s w (km/s), and plasma density (cm −3 )), with a vertical line indicating the time at which the simulation snapshots were taken. For reference, the positions of four geosynchronous spacecraft (NOAA GOES-8 and 10; LANL 1991-080 and 1994-084) are indicated in the figure.
Stretching and distortion of the geomagnetic field is observed about 15 R E downtail in the period prior to the 0630 onset. This can be seen in the top panel of Figure 2 , where the magnetic field contours indicate a local minimum in the magnetic field strength just east of the noon-midnight meridian. While such a weakening of magnetic field strength may be an indication of a local reconnection region, Earthward-directed plasma flow vectors at the tailward edge of the figure indicate reconnection is occurring further down tail.
Shortly after 0630, the MHD simulation shows a collapse of the cross-tail current Earthward of the region of maximum magnetic distortion, whereupon the field relaxes to a more dipolar configuration. Concurrent with this, plasma flow velocities increase Earthward throughout the pre-midnight sector, as indicated in the lower panel of Figure 2 . This jump in plasma flow velocity is seen to extend inside geosynchronous orbit.
We wish to examine the location and evolution of the injection front throughout the dipolarization process. As a preliminary means of identifying the location of the front, we focus on the amplitude of the crosstail electric field. This is the component of the electric field which would be responsible for the Earthward transport of energetic protons during the injection process. Figure 3 shows the E y profile along the y = 3R E axis at selected times during the injection. The peak observed in the profile initially increases in amplitude as it propagates inward in association with the dipolarization, subsequently decreasing in magnitude as it approaches the inner magnetosphere. The peak electric field amplitude seen in this region of the simulation, ∼30 mV/m, is consistent with substorm electric fields seen observationally (e.g. Fairfield et al. [1998] ) and within previous MHD substorm simulations [Birn et al., 1997b] .
In Figure 4 we use a simple differencing method ap- plied to the location of the maximum cross-tail field (indicated in the selected profiles illustrated in Figure 3 by the arrow at the peak of the evolving electric field) to gain some information about the propagation speed of the injection front. Though somewhat noisy due to the simplicity of the method used in tracking the front, the figure does indicate some of the general characteristics of the time evolution of the injection region. The peak rapidly accelerates early in the dipolarization process when the injection front was furthest downtail, and slows as the front arrives and breaks in the inner magnetosphere. Throughout most of the midtail region the front appears to propagate Earthward with a velocity between 100-150 km/s, slowing to under 100 km/s as it moves into the inner magnetosphere. Both the speed of Earthward motion and the inward deceleration are consistent with observations of substorm-induced injection fronts [e.g. Russell and McPherron, 1973] . 
Particle Injection
The MHD flow velocities indicated in Figure 2 correspond to cold plasma flows, i.e. those particles whose motion is dominated by the local electric field. To investigate the effect of this injection process on more energetic particles, where magnetic drifts may also become important, we conduct test particle simulations of particles in the injection region during substorm onset. The technique used to track the particles is generally that described in [Elkington et al., 2002] , whereby individual particles are traced in the MHD under a guiding center approximation in the equatorial plane. Those particles failing the adiabaticity criterion corresponding to guiding center motion (see, for example, Hudson et al. [1998] ) are removed from the simulation.
We initially focus on those protons that might have formed the seed population for the > 27 keV protons depicted in Figure 1 . In the panel (a) of Figure 5 , we begin with a population of 5 keV protons distributed in the equatorial plane throughout the tail region. The grey bar at the bottom of the panel indicates the total number of particles initially (lower) and instantaneously (upper) within the simulation. In a fashion similar to Figure 2 , magnetic field strength is indicated with solid contours, and each test particle is given a color according to its first adiabatic invariant, M . Here M = p 2 /2m 0 B, where p is the relativistic momentum perpendicular to the local magnetic field, m 0 is the particle rest mass, and B is the magnitude of the local magnetic field. In a dipole field in the equatorial plane, M for a given energy particle increases as the third power of the radial distance from the center of the Earth.
Since the particles are moving under a guiding center approximation, M is conserved and serves to identify the bulk motion of different populations. Those 5 keV protons lying in the region of minimum magnetic field strength are seen to initially have a higher first invariant than those particles at similar radial distances but outside the local magnetic field minimum.
Figure 5(b) shows the particle configuration a few minutes after the substorm onset. The grey bar numbering the total particles within the simulation indicates that a few of the simulated protons are lost in the injection process, either through failure to conserve the first invariant during the onset of reconnection, or lost on open drift trajectories that pass through the sunward or flank magnetopause regions. However, most particles starting closer to the noon-midnight meridian, and in particular, those protons in the island of minimum magnetic field strength at the beginning of the injection, are efficiently moved inside geosynchronous and into the stable trapping region.
In Figure 6 we show the same protons depicted in , we see that those protons initially within the local magnetic field minimum are heated to substantially higher energies than those outside the local minimum. This is due to the higher initial first adiabatic invariant of this particle population. As the particles are injected inward to regions of higher magnetic field strength, the perpendicular energy increases as a result of conservation of M . Following the injection, we find those particles initially within the local magnetic field minimum largely confined to the premidnight sector inside geosynchronous orbit. In Figure 6 (c), we plot only those particles which have been heated to energies > 27 keV. The spatial distribution of these > 27 keV protons is similar to that of the injected particles observed by HENA, as illustrated in the middle panel of Figure 1 .
Discussion and Conclusion
In this work we have examined characteristics of the substorm and resulting particle injection that occurred at 0630 on March 31, 2001. Using MHD simulations of the geomagnetic field prior to onset, we discussed the global magnetic field configuration in the region of the tail which may have served as a source region for keV protons injected during the substorm dipolarization. Simulations show significant distortion and stretching of the field in the near-Earth tail during the growth phase of the substorm, which leads to enhanced plasma flows into the premidnight region during the dipolarization. Test particle simulations conducted in the MHD fields show evidence that the ∼27 keV duskside injection of protons observed by the HENA instrument aboard IMAGE (Figure 1) corresponded to a seed population of particles with energies of a few keV, injected from the weakened field region that formed ∼ 15R E downtail during the growth phase of the substorm.
Correlations between magnetospheric simulations and global observations of this substorm (Baker et al. [2002] , Skoug et al. [2003] ; see also Wiltberger et al. [2004] , this volume) suggest that further insight may be gained through more detailed examination of this event as a an example of a storm-driven substorm. Understanding the nature and origin of the current systems that lead to the magnetic weakening and distortion in the premidnight tail may provide insight into the evolution of the magnetosphere during strongly-driven conditions such as exhibited during this storm. Further, a more detailed examination should made of the implications of these weak-field regions for those particles heated to highest energies during a substorm injection.
The analysis of the injection front characteristics seen in this MHD simulation, though preliminary, suggests good agreement with the propagation characteristics seen in other substorms. This includes both the electric field amplitude [Fairfield et al., 1998 ], as well as the velocity and [Russell and McPherron, 1973] and characteristic deceleration [Reeves et al., 1996; Shiokawa et al., 1997] of the injection region as it approaches the inner magnetosphere. Inasmuch as the azimuthal extent and propagation characteristics of a general injection disturbance contribute to the details of the particle energization [Birn et al., 1997a; Elkington et al., 2002] , future work should extend the analysis from the single axis examined here work to include a global picture of the characteristics and evolution of the injection front.
Although the premidnight injection of keV particles shown in these simulations suggests a specific source region and population, a more detailed examination of the characteristics of the injected particles should be undertaken in the context of a broader study. The equatorial approximation used in this work is sufficient to demonstrate the general adiabatic motion of a population of particles, but cannot include effects out of the equatorial plane or those that result from bounce motion of the particles. The simulations should also extend the comparison to other energies to allow comparison of the dispersive nature of the injection, and include the self consistent evolution and weighting of the particle populations in the weakened field region in contrast to those in the rest of the tail.
In conclusion, this study represents the first look at the March 31, 2001 substorm from the perspective of a substorm's effect on energetic particles in the nearEarth magnetotail. The use of real solar wind conditions to drive the LFM produces a substorm which agrees well with observed onset time and characteristics of the actual event. Using the MHD magnetic and electric fields to drive the particle simulation produces a proton injection into the inner magnetosphere which shows qualitative correspondence to global observations. We feel our techniques, and this event in particular, are well-suited for further study examining the details of the substorm injection process.
